Introduction {#Sec1}
============

Immune responses in vertebrates, invertebrates, and plants are initiated by the recognition of a large number of pathogens by cells of the innate immune system \[[@CR2],[@CR14]\]. In vertebrates, systemic reactions develop when the innate immune system is effectively activated. Phagocytosis with intracellular killing and the production and activity of cytokines such as interferons (IFNs), members of the tumor necrosis factor (TNF) superfamily, interleukins (IL-12, IL-18), chemokines, and adhesion molecules are very important. Another activity of the innate immune system is MHC-independent killing of infected cells by natural killer cells and by complement activated along the alternative or lectin pathways \[[@CR6], [@CR8], [@CR22], [@CR27]\]. The resistance of cells, especially leukocytes *ex vivo*, to viral infections is also considered to be one of the reactions of innate immunity \[[@CR2]\] which protect the host against invasion by microorganisms. As observed in many laboratories, high levels of cytokines with antiviral activity (IFNs and TNF) are frequently considered to be indicators of innate antiviral immunity. Our own results, obtained several years ago, showed different degrees of resistance to viral infection in organ cultures of human placenta, amniotic membrane, and umbilical cord vein \[[@CR18], [@CR29]\]. Resistance was directed against viruses belonging to different taxonomic groups: vesicular stomatitis virus (VSV, *Rhabdoviridae*), encephalomyocarditis virus (EMCV, *Picornaviridae*), and herpesvirus type 1 (*Herpesviridae*). Furthermore, resistance to different viral infections was found in cultures of murine and human leukocytes \[[@CR16], [@CR28]\]. Therefore resistance is non-specific. It can be reduced by specific antibodies against IFN-α, IFN-β, IFN-γ, and TNF-α, which indicates a role of endogenous cytokines. Resistance is highest immediately after organ culture and leukocyte isolation and is reduced after 1-5 days of *in vitro* incubation before infection with virus. The non-specific character of antiviral immunity, its dependence on endogenous IFNs and TNF, and the fact that it is present in cells *ex vivo* suggest that it could be considered innate immunity.

Using infection of peripheral blood leukocytes with VSV, we developed a new method for detecting innate immunity \[[@CR16]\]. VSV was selected as an indicatory virus because it does not cause natural infections in the European human population, so specific antibodies against VSV are absent in human sera, which excludes the participation of acquired immunity in this experimental model of innate immunity. The virus also infects a wide spectrum of human and animal cells, including different types of immune cells. In our study, the whole peripheral blood mononuclear cell (PBMC) population was used, which mimics an *in vivo* natural system. Separated cell fractions are then needed for further studies. The results of preliminary experiments indicate that the innate immunity expressed by PMBCs is lower than that of the separate cell populations. These results suggest the presence of some regulatory mechanisms in PMBCs.

We used VSV replication in PBMCs to identify three different levels of natural immunity. A VSV replication titer higher than 4 log TCID~50~ was considered a deficiency of innate immunity, a titer of 2--3 log indicated partial resistance, and a titer of 0--1 log indicated complete innate antiviral immunity. Using this method, we have studied the innate immunity of more than 300 people. Innate immunity was different among individuals. A lower level was often observed in persons with frequent infections of the upper respiratory track \[[@CR16]\] and in those with frequent activation of herpes labialis. Deficiency of innate immunity is associated with the absence of remission and short survival time of patients with acute leukemia \[[@CR4]\]. In contrast, all patients with complete immunity achieved long-lasting complete remission after chemotherapy and were still alive after finishing the study. An age dependence for immunity was also shown by Rybka et al. \[[@CR21]\]. Leukocytes from the peripheral blood of healthy donors (30--40 years old) were mostly resistant to viral infection. In contrast, leukocytes isolated from cord blood vein and from elderly individuals (\>60) were vulnerable to viral infection. When innate immunity is over-stimulated, the reactions may lead to significant wastage in the body. Over-stimulation accompanies and participates in the development of autoimmunity or neurodegenerative diseases \[[@CR1], [@CR12], [@CR19], [@CR20], [@CR23], [@CR24]\]. Therefore, innate reactions must be under rigorous control \[[@CR3]\].

We decided to compare two evaluation methods of innate immunity: a direct method based on PMBC resistance to VSV infection and an indirect method based on cytokine secretion. The production of IFNs and of TNF-α, IL-6, and IL-10 was studied. The role of every cytokine in innate immunity is different. The IFNs and TNF-α are the most important cytokines in antiviral immunity, IL-6, according to Jones \[[@CR10]\], directs the transition from innate to acquired immunity, and IL-10 regulates immunity \[[@CR15]\].

Materials and Methods {#Sec2}
=====================

Blood donors samples {#Sec3}
--------------------

Peripheral venous blood samples (10 ml) were taken from a group of healthy volunteers (12 persons) and from currently healthy persons with recurrent infections of the upper respiratory tract (9 persons). The latter group was sent to a laboratory of virology to find the reason for their low immunity. The persons were 18-72 years old.

The study was performed with permission of the local ethics committee.

Cell cultures {#Sec4}
-------------

PMBCs were isolated from heparinized peripheral blood by gradient centrifugation in Dextran-Uropolin (Gradisol G) with a density of 1.115 g/ml (Aqua Medica, Poznań, Poland). Five ml of blood were layered on 3 ml of Gradisol and centrifuged for 25 min at 400 g. Leukocytes from the border of the two phases were collected, washed two times with RPMI supplemented with 2% calf serum (CS), and suspended in the medium at a concentration of 2×10^6^ cells/ml. The cell suspension was cultured at 37°C (in 5% CO~2~ in air).

L~929~ cells (ATCC CCL 1) {#Sec5}
-------------------------

The murine fibroblast-like cell line was maintained in Eagle medium with 10% CS, antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin), and 2 mM L-glutamine.

A~549~ cells (ATCC CCL 185) {#Sec6}
---------------------------

The human epithelial-like cell line was maintained in Dulbecco medium supplemented with 10% CS, antibiotics, and L-glutamine.

Viruses {#Sec7}
-------

VSV, Indiana strain, *Rhabdoviridae*, Vesiculovirus, was multiplied and titrated in L~929~ cells. EMCV, Columbia MM strain, *Picornaviridae*, Cardiovirus, was multiplied and titrated in L929 cells and used for IFN titration.

Estimation of resistance/innate immunity of PBLs {#Sec8}
------------------------------------------------

Resistance/innate immunity was estimated by infection of leukocytes (2×10^6^ cells/ml) with VSV. They were infected with a dose of 100 TCID~50~ (tissue culture infectious dose, based on the cytopathic effect caused by the virus in about 50% of infected L~929~ cells) of VSV/ml of the leukocytes suspensions. After 40 min of adsorption, the virus was washed out three times with 5 ml EMEM and the cells were suspended in 1 ml RPMI with 2% CS. A sample of infected cells was kept at a temperature of 4°C and served as a control of the starting level of the virus. The other cells were incubated at 37°C and samples of medium above the infected cells were collected each day and titrated in L~929~. The titer of virus is expressed in TCID~50~. Based on the replication of VSV in PBMCs, we identified three different levels of natural antiviral immunity: a VSV replication titer higher than 4 log TCID~50~ was considered as deficiency of resistance/innate immunity, a titer of 2--3 log indicated partial resistance, and a titer of 0--1 log indicated complete resistance/innate antiviral immunity.

Cytokine assay {#Sec9}
--------------

IFN, TNF, and IL-6 were titrated using biological methods and IL-10 with ELISA.

IFN was titrated using the biological method of inhibition of the cytopathic effect caused by EMCV virus on the human cell line A~549~. In each experiment, calibration against an internal laboratory standard of human IFN-α/β was performed and the obtained results were corrected according to it. The internal standard was calibrated against the international standard of human leukocyte IFN 69/19.

TNF was assayed according to Flick and Gifford \[[@CR7]\]. The cytotoxic activity of TNF-α in the samples was measured in L~929~ cells in the presence of actinomycin D (Serva, Germany) at a concentration of 2 µg/ml EMEM. Recombinant human TNF-α(Genetech, USA) was used as the standard in all assays. In our assay, 1 unit was equal to 2.5-10 pg/ml of TNF-α.

Production of IL-6 was determined using the IL-6-dependent hybridoma cell line 7TD1 38 as previously described by Van Snick et al. \[[@CR25]\]. Briefly, the cells were cultured in 96-well plates (Costar, MA, USA) at a concentration of 2×10^3^ cells/well in the presence of serial dilutions of the supernatants from uninfected and VSV-infected leukocyte cultures. After 72 h the surviving cells were evaluated colorimetrically by staining the cells with 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT, Sigma Chemicals Co., USA) and lysis of the cells with a sodium dodecyl sulfate (SDS)/solution in a 45% aqueous solution (v/v) DMF (N, N-dimethylformamide, Sigma Chemicals Co., USA). One unit of IL-6 activity was calculated as the inverse dilution of a supernatant sample in which a half-maximal proliferation of 7TD1 cells was registered. In our assay, one unit correspond to 0.1 ng of recombinant (*E. coli*) human IL-6 (R&D Systems, USA). The sensitivity of the bioassay was 5 U/ml.

IL-10 was quantified using ELISA according to the producer's instructions (BD Bioscientes Pharmingen, USA).

Antibodies against human cytokines {#Sec10}
----------------------------------

Anti-IFN-α (polyclonal, sheep), anti-IFN-γ (polyclonal, goat), and anti-TNF-α (polyclonal, rabbit) antibodies were from Sigma-Aldrich (St. Louis, MO, USA) and anti-IFN-β(polyclonal, sheep) from the National Institutes of Health (Bethesda, MD, USA).

Statistical analysis {#Sec11}
--------------------

The data were presented as means, standard deviations (SD), medians, quartiles (25--75%), and ranges (min.-max.). The significance of differences between groups was determined using the Student's *t*-test and the Mann-Whitney U-test. Differences between pairs of measurements in the same patients were tested using Wilcoxon's matched-pairs signed-ranks test. Spearman's rank correlation test was used for determining the relationship between the levels of IL-6 and the concentration of anti-IFN. The analysis was done using the computer program Statistica Version 5.1, Stat-Soft (USA), taking p\<0.05 as statistically significant.

Results {#Sec12}
=======

Human leukocytes present different levels of antiviral immunity (cytokine production and resistance to viral infection) {#Sec13}
-----------------------------------------------------------------------------------------------------------------------

In our study we used leukocytes isolated from the peripheral blood of 21 currently healthy persons with different innate immunity. The cultures of leukocytes were infected with VSV (100 TCID~50~/ml) immediately after preparation (T=0) and the kinetics of virus replication was studied during three days of infection. The results obtained are presented in Fig. [1](#Fig1){ref-type="fig"}. The kinetics of VSV replication was different, so two groups of individuals were distinguished. The first consisted of 7 persons with resistant to viral infection leukocytes. They had very low or no viral replication (0--1 log TCID~50~). The second group consisted of 14 persons (9 from the group with frequent infections and 6 healthy blood donors) with partial immunity or no resistance. VSV replicated to a titer of 2--5 log. Fig. 1Kinetics of VSV replication in human PMBCs (n=21). Leukocytes were infected with VSV immediately after their isolation, washed several times with culture medium, and incubated at 37°C for 3 days. The kinetics of virus replication was studied in samples collected each day after infection. The samples were titrated in L^929^ cells.

In the next experiments, spontaneous and VSV-induced cytokine production in both groups (resistant and sensitive PMBCs) were measured. We found that VSV infection only stimulated IFN production, did not significantly influence TNF, and reduced IL-6 and IL-10 levels.

To determine the correlation between the level of resistance/innate immunity measured by VSV replication and the production of cytokines, we monitored the levels of IL-6, IL-10, TNF, and IFNs in the supernatants of two different leukocyte cultures, uninfected and after infection with VSV. Leukocytes with stronger resistance/ innate immunity produced more cytokines; however, statistical significance was found only in the case of VSV-induced IFN. Figure [2](#Fig2){ref-type="fig"} presents a comparison of spontaneous cytokine production by leukocytes with high and low levels of resistance/innate antiviral immunity. Fig. 2Comparison of spontaneous production of cytokines by VSV-resistant (n=7) and VSV-sensitive (n=14) PMBCs. The samples were collected after 24 h of cell incubation from uninfected and VSV-infected PMBCs. In the figure, however, spontaneously released cytokines are presented. Only the IFN level is presented in both the uninfected and VSV-infected PMBCs. To inactivate the virus, the samples of VSV-infected cells were UV irradiated (on ice) before titration. IFN, TNF, and IL-6 were titrated by biologic methods and IL-10 by ELISA. Statistics were performed using the Student's t-test. \*Statistically significant.

Elimination of IFN-α caused an unexpected reduction in VSV replication in sensitive leukocytes and a disturbance in cytokine production {#Sec14}
---------------------------------------------------------------------------------------------------------------------------------------

In the next experiment the influence of specific anti-IFNs and anti-TNF-α antibodies on VSV replication and the production of cytokines by leukocytes with different antiviral immunity was examined. Before their application, the antibodies were carefully titrated for effective neutralization. The amounts were sufficient to neutralize cytokines produced by leukocytes. The antibodies were added to the leukocytes after VSV adsorption. The antibodies stimulated viral replication in the virus-resistant cells (results not shown). This effect indicates that endogenous IFNs and TNF-α participate in the maintenance of resistance/innate immunity. The influence of the antibodies on viral replication in leukocytes sensitive to VSV infection is presented in Fig. [3](#Fig3){ref-type="fig"}. Instead of the expected stimulation of virus replication after endogenous IFN-α elimination, a reduction in virus titer was observed. We attempted to explain these unexpected results by studying changes in cytokine profiles in the absence of endogenous IFNs and TNF-α. It was found that in the absence of endogenous IFN-α the profile of cytokine production was changed. The presence of anti-IFN-α antibodies abolished IL-6 production. The lack of IL-6 production was observed in both resistant and sensitive leukocytes, infected as well as uninfected. The results of IL-6 production by uninfected untreated leukocytes and those treated with anti-IFNs and anti-TNF-α antibodies are presented in Fig. [4](#Fig4){ref-type="fig"}. The other important observation was that in the presence of anti-IFN-α antibodies, an increased level of TNF-α, remarkably so in infected leukocytes from the VSV-sensitive group, was observed (Fig. [5](#Fig5){ref-type="fig"}). To confirm the possible role of TNF in antiviral activity, VSV-infected leukocytes sensitive to the virus were treated with 100 U of TNF-α (the median TNF level in leukocytes treated with antibody against IFN-α). The results of four independent experiments, presented in Fig. [6](#Fig6){ref-type="fig"}, show a reduction in VSV titer by 2--4 log. Fig. 3Effect of anti-IFNs and anti-TNF-α antibodies on VSV replication in PMBCs sensitive to VSV infection. The antibodies (a=anti) were applied to VSV-infected PMBCs after virus adsorption. The kinetics of viral replication in antibody-treated cells was compared with untreated cells. Samples of media were collected over three days. VSV was titrated in each sample in L929 cells. Results from the first day after VSV infection are presented. Statistics were performed using the Mann-Whitney test. \*Statistically significant.Fig. 4Effect of antibodies against IFNs and TNF on IL-6 production by PBLs. Anti-cytokines antibodies (a=anti) were added immediately after virus adsorption. The level of IL-6 was determined in sensitive and resistant PMBCs. Statistics were performed with the non-parametric Wilcoxon test. \*,\*\*Statistically significant.Fig. 5Effect of anti-IFNs antibodies on TNF production in sensitive leukocytes infected with VSV. For description, see Fig [4](#Fig4){ref-type="fig"}. \*,\*\*Statistically significant.Fig. 6Effect of TNF-α on VSV replication in sensitive leukocytes (n=4). 100 U of TNF-α was added to the leukocytes just after VSV adsorption and the kinetics of virus replication was studied.

The antibodies against IFN-α also stimulated IL-10 production depending on the level of innate immunity level (Fig. [7](#Fig7){ref-type="fig"}). The addition of antibodies against TNF-α did not markedly influence IFN production (data not shown). Fig. 7Effect of the elimination of endogenous IFNs and TNF-α on IL-10 production in sensitive leukocytes infected with VSV. For description, see Fig [4](#Fig4){ref-type="fig"}. \*, \*\*Statistically significant.

The results indicated that the elimination of endogenous IFN-α caused the largest changes in cytokine profiles. The changes involving TNF-α production were suspected to be responsible for the unexpected inhibition of virus replication by the antibodies. To prove the hypothesis, we tried to reduce the antiviral effect of the anti-IFN-α antibodies with addition anti-TNF-α. The results of the experiments were, however, unclear, suggesting that not only TNF, but other unknown mediators might participate in the antiviral effect.

Discussion {#Sec15}
==========

In view of cytokines' antiviral activity, the question arises whether PMBCs (resistant or sensitive to VSV) expressing high, non-specific, antiviral resistance/innate immunity are able to produce more cytokines than those expressing low innate immunity. In this context we studied the production of IFN, TNF, IL-6, and IL-10. The results of this study show differences in cytokine production by cells with different degree of resistance/ innate immunity. VSV-resistant PMBCs with good innate immunity released more spontaneous cytokines than PMBCs with immune deficiency. Statistical significance, however, was found only in the case of VSV- -induced IFN. This means that even though the cells were not able to replicate VSV to a high level, they were able to produce more IFN after contact with VSV than the sensitive cells with high titers of VSV.

The results of a previous study on the influence of specific anti-cytokine antibodies on viral replication in human leukocytes revealed the importance of endogenous IFNs and TNF-α in maintaining antiviral innate immunity \[[@CR16]\]. Specific antibodies against IFN-α, IFN-β, IFN-γ, and TNF-α caused reductions in innate immunity, mimicking the phenomenon observed after stimulation of viral replication in PMBCs previously resistant to VSV. Quite different results were obtained when antibodies, especially antibodies against IFN-α, were added to cells with very low innate immunity. Instead of VSV stimulation, reduction of VSV replication was observed. We tried to find the reason for these unexpected results. As first, a possible disturbance in cytokine production and replacement of antiviral function of IFN by other cytokines was considered. In fact, neutralization of IFN-α with specific antibodies caused a disturbance in leukocyte cytokine profiles. In the absence of endogenous IFN-α production, IL-6 was completely abolished. The other consequence of IFN-α elimination was stimulation of TNF-α. This higher TNF-α production by infected leukocytes sensitive to viral infection was assumed to be probably the reason for this paradoxical inhibition of VSV replication. Within the group deficient in innate immunity, TNF-α may show an inhibitory effect on viral replication.

Antiviral activity of TNF-α has been reported by different authors \[[@CR11], [@CR13], [@CR26]\]. For example, Mestan et al. \[[@CR13]\] showed that recombinant TNF-α added to the Hep-2 cell line protects the cells against VSV infection. This effect was specific for TNF because the antiviral activity was abolished by anti-TNF, but not by anti-IFN-α antibodies This observation is in agreement with our results obtained in VSV-sensitive PBLs. In our previous study, however, TNF-α's effect on VSV replication was dependent on the innate immunity of the PMBCs \[[@CR16]\]. In sensitive cells, an inhibitory effect on viral replication was observed, while in resistant PMBCs a stimulation of VSV replication. In embryonal tissues sensitive to VSV, inhibition of viral replication was also observed \[[@CR17]\]. Inhibition of viral replication by TNF in sensitive leukocytes was shown in this study. In cultures resistant to infection, the opposite effect and stimulation of replication occurred \[[@CR18]\]. Similarly, effects depending on the level of innate immunity were noticed following culture treatments with immunomodulating substances, i.e. lipopolysaccharide and peptides from ovine colostrums \[[@CR5], [@CR9]\]. The virus stimulatory effect, however, was eliminated by antibodies against TNF-α. Our previous and the present study indicate a double role of endogenous TNF-α: it is responsible for both inhibition and stimulation of viral replication by immunomodulators. The lack of IL-6 production in the absence of IFN-α indicates the necessity for this type of IFN for IL-6 production by leukocytes. Over the years, IL-6 has been assigned both pro- and anti-inflammatory properties. According to Jones \[[@CR10]\], an important role of IL-6 is directing the transition from innate to acquired immunity; IFN-α, through its effect on IL-6 production, could thus indirectly influence this transition.
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